Investigation of solid reaction between Fe and Si0.8Ge0.2 by Chueh YL
ARTICLE IN PRESS0022-0248/$ - se
doi:10.1016/j.jcr
Correspondi
E-mail addreJournal of Crystal Growth 281 (2005) 203–208
www.elsevier.com/locate/jcrysgroInvestigation of solid reaction between Fe and Si0.8Ge0.2
Y.L. Chueh, S.L. Cheng, L.J. Chou
Department of Materials Science and Engineering, National Tsing-Hua University, 101, Section 2 Kuang Fu Road, Hsinchu,
Taiwan, Republic of China
Received 10 July 2004; accepted 28 February 2005
Available online 31 May 2005
Communicated by K. NakajimaAbstract
Experimental investigation into the properties of the semiconductor, Fe(Si1zGez), has revealed that it is the only
phase presented after annealing at 650–950 1C. The Ge concentrations in Fe(Si1zGez) increase at annealing
temperatures of 650–750 1C which may be due to the fact that the Ge atoms are more soluble in the FeSi phase.
However, the Ge concentration decreased when annealing temperatures exceed 750 1C because the Ge atoms were
gradually expelled from Fe(Si1zGez) to form the agglomerated Ge-rich Si1yGey. Compared to the conventional Fe/Si
reaction, the transformation of b-Fe(Si1zGez)2 was actually blocked by the presence of Ge in Fe(Si1zGez).
r 2005 Published by Elsevier B.V.
PACS: 68. 55.Nq; 68. 55.Ac; 68. 37.Lp
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The semiconductor, iron disilicide (b-FeSi2), has
attracted recent attention for its potential applica-
tions in silicon-based optoelectronic devices. Its
band gap has been measured by optical absorption
to be 0.87 eV with a corresponding wavelength of
1.5 mm, which has the lowest energy loss for
transmission in silica ﬁber [1]. In addition, b-FeSi2
has many merits such as chemical stability,e front matter r 2005 Published by Elsevier B.V.
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ss: chueh@my.nthu.edu.tw (Y.L. Chueh).nontoxicity, natural abundance of Fe, and com-
patibility with silicon integrated circuitry pro-
cesses. Use of ion implantation synthesis (IBS)
and the reactive deposition epitaxy (RDE) to grow
b-FeSi2 nanodots embedded in the interface of the
PN junction by means of stress to moderate the
band structure are the popular approaches [2,3].
On the other hand, Si1xGex has great potential
in microelectronic and optoelectronic applications,
due to its versatile band gap and lattice parameter
which can be adjusted by varying the fraction of
Ge atoms in the Si1xGex layer. This crystalline
structure has been applied in the manufacturing of
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Fig. 1. Schematic picture that illustrates the growth of
Si0.8Ge0.2 as a substrate deposited by UHV-CVD system.
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transistors (HBTs), modulation-doped ﬁeld effect
transistors (MOSFETs) or as the templates for
fabricating regular nanostructures [4–6].
Previous reports indicate that three phases,
FeSi, b-FeSi2, and a-FeSi2, have appeared in solid
reaction between Si and Fe after annealing at
different temperatures [7]. But no report so far
focuses on the solid reaction of Fe and SiGe.
Present studies show that by using a Si0.8Ge0.2
substrate grown by UHV-CVD as a substrate,
solid reactions between Fe and Si0.8Ge0.2 can be
investigated using Glazing Incident X-ray Diffrac-
tion (GIXRD), Auger Electron Spectrum (AES),
and Transmission Electron Microscope (TEM)
techniques. We can also investigate the phase
formation and the segregation of Ge at the
different annealed temperatures.2. Experimental procedures
Our experimental approach uses (0 0 1) orienta-
tion single crystal 650-mm-thick phosphorus-doped
silicon wafers with a miscut angle lower than 0.51.
The Si wafer was cleaned using the standard
cleaning processes of boiling in acid solutions.
However, the surface oxide layers on the Si0.8Ge0.2
wafers were removed by etching. The acid solution
used in the etching process was composed of
H2SO4: H2O2 ¼ 5:3 [8]. The concentration of the
acid solution must be monitored carefully to
prevent the surface from serious pitting. Following
the cleaning procedure, a 800-nm-thick Si0.8Ge0.2
and 200-nm-thick low-temperature Si (LT-Si)
buffer layer were both deposited on the Si (0 0 1)
at 500 1C by UHV-CVD. Strain due to the lattice
mismatch between Si0.8Ge0.2 and Si is released by
the formation of dislocations around the buffer
layer, as shown in Fig. 1. Prior to loading the
wafers into the UHV electron gun evaporation
system, the wafers were dipped in a dilute HF
solution (HF:H2O ¼ 1:50) for 30 s. The 15-nm-
thick Fe ﬁlm was grown on the Si0.8Ge0.2 substrate
in a vacuum at a pressure lower than 4 108 Pa.
All the samples were annealed at temperatures
ranging from 650 to 950 1C for 30min without
breaking the vacuum chamber. The GIXRD,fastened at an incident angle of 0.51, was used to
identify the phases and crystalline quality of the
wafer. A Phi-670Xi AES equipped with an ion
sputtering gun was utilized for depth-proﬁle
analysis at a pressure lower than 107 Pa. A
JEM-2010 electron transmission microscope, op-
erated at 200KeV, was used to analyze the
microstructures and phases. The chemical compo-
sitions were obtained using an energy dispersion
spectrometer (EDS) with a beam size as small as
2 nm. The sheet resistance was measured using a
four-point probe with the probe spacing smaller
than 1mm.3. Results and discussion
Fig. 2 shows the GIXRD spectra of Fe (15 nm)/
Si0.8Ge0.2 sample annealed at temperatures of
650–850 1C for 30min. The Fe(Si1zGez) phase
with planes of 110, 111, 200, 210, and 211 was
found at temperatures of 650–950 1C. Fig. 3 shows
the AES depth-proﬁles of Fe (15 nm)/Si0.8Ge0.2
samples annealed at the different temperatures.
From the as-deposited sample in Fig. 3(a), the
oxygen concentration is below the detection limit,
and the mole fraction ratio of Si to Ge is 0.8–0.2
for the SiGe alloy substrate. When the tempera-
ture is increased to 650 1C, as shown in Fig. 3(b),
TEM/EDS measurements indicate that the Fe(S-
i1zGez) phase is distributed uniformly with an
average atomic concentration of Fe ¼ 48.3%,
Si ¼ 42.3%, and Ge ¼ 9.4%. The molar fraction
of Ge in the Fe(Si1zGez) phase is calculated to be
about 0.18. Fig. 3(c) shows the Fe(Si1zGez) phase
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Fig. 3. AES depth-proﬁles of Fe (15 nm)/Si0.8Ge0.2 sample: (a)
at as-deposited temperature; (b) annealed at a temperature of
650 1C; (c) annealed at a temperature of 750 1C; (d) annealed at
a temperature of 850 1C for 30min.
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Fig. 2. Shows GIXRD spectra of Fe (15 nm)/Si0.8Ge0.2 sample
annealed at the different temperatures for 30min.
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sponding average atomic concentrations of
Fe ¼ 45%, Si ¼ 43%, and Ge ¼ 12%. At this
stage, the mole fraction of Ge is estimated to be
about 0.23. Fig. 3(d) shows that, when the
temperature is increased to 850 1C, the atomic
concentration of Si and Fe abruptly increases and
decreases. This suggests that the Ge atoms are
expelled from the Fe(Si1zGez) grain boundary
which enables them to react with the Si atoms to
form Ge-rich-Si1yGey surrounded by Fe(S-
i1zGez), where y40:2:Fe(Si1zGez). The phenom-
enon of separated Ge atoms is also found in
Ge–Ni–Si and Ge–Co–Si systems [9,10]. In addi-
tion, the GIXRD spectrum shows that all the
peaks are shifted toward larger 2y angles after
annealing at temperatures up to 750 1C. This
suggests that the Ge atoms are separated out of
the Fe(Si1zGez) to reduce the lattice constant of
Fe(Si1zGez).
Fig. 4(a) shows the plan-view TEM image of Fe
(15 nm)/Si0.8Ge0.2 sample annealed at a tempera-
ture of 650 1C. The grain size of Fe(Si1zGez) is
approximately 180–200 nm. Fig. 4(b) shows the
corresponding diffraction pattern indicating that
all the phases are Fe(Si1zGez). This data is
consistent with the GIXRD spectrum. Fig. 4(c)
shows the XTEM image of the Fe (15 nm)/
Si0.8Ge0.2 sample annealed at a temperature of
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Fig. 4. (a) Plan-view TEM images, (b) diffraction pattern and (c) cross-section TEM images of Fe(15 nm)/Si0.8Ge0.2 sample after
annealing at a temperature of 650 1C for 30min.
Table 1
Atomic composition is determined by EDS on the point marked
in Figs. 4(c) and 5(b) for Fe(15 nm)/Si0.8Ge0.2 sample annealed
in vacuum at 650 and 850 1C, respectively
Probe position CFe(at%) CSi(at%) CGe(at%)
(650 1C/30min)
a 45 46 9
b 46 43 11
c — 80 20
(850 1C/30min)
D 50 49 1
E — 66 34
F — 39 61
G — 54 46
H — 80 20
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evident, but the interface between the Fe(Si1zGez)
and the Si0.8Ge0.2 substrate appears slightly rough.
The thickness of the Fe(Si1zGez) ﬁlm is estimated
to be about 22 nm. The molar fractions of Ge in
Fe(Si1zGez), marked at the different positions a,
b, and c, were determined by TEM/EDS and are
tabulated in Table 1. Fig. 5(a) shows the plan-view
TEM image of the Fe (15 nm)/Si0.8Ge0.2 sample
annealed at a temperature of 850 1C. There is
evidence of agglomeration between the Fe(S-
i1zGez) and Ge-rich Si1yGey. Ge concentrations
were measured at positions D, E, F, and G in
Table 1 [Fig. 5(b)]. The Ge molar fraction in the
agglomerated island of Fe(Si1zGez) is about
0.019. Furthermore, the data shows that the Ge
concentration varies throughout the Ge-rich
Si1yGey agglomeration, indicating that it is not
uniformly distributed in the Ge-rich Si1yGey.
Fig. 6 shows the sheet resistance measurement
of the Fe (15 nm)/Si0.8Ge0.2 sample annealed at thedifferent temperatures. The resistance increases
gradually after annealing at a temperature above
450 1C, but increases abruptly at 750 1C.
The abrupt increase in sheet resistance may be
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Fig. 5. (a) Plan-view TEM images and (b) cross-section TEM images of the Fe(15 nm)/Si0.8Ge0.2 sample after annealing at a
temperature of 850 1C for 30min.
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Fig. 6. Sheet resistance of Fe (15 nm)/Si0.8Ge0.2 after annealing
at the different temperatures for 30min.
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Fig. 7. AES and EDS data for molar fractions of Ge in
Fe(Si1zGez) annealed at the different annealed temperatures
for 30min.
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Fe(Si1zGez) and Ge-rich Si1yGey. Previous
reports have indicated that the b-Fe2xGex phase
was formed at 650 1C [11]. However, we do not
ﬁnd the FeGe or FeGe2 phases in our study.
The formation of disilicide was blocked by the
appearance of Ge in Fe(Si1zGez), indicating that
the exclusion of Ge from the Fe(Si1zGez) may
play an important role in inﬂuencing the forma-
tion of the disilicide phase. The formation of b-
FeSi2 is a well-known nucleation controlled-
process [12,13]. d’Heurle et al. have proposed a
mathematical model based on the activation
energy theory for this process [14,15]. Further-more, previous studies have proposed that the
different solubility of foreign elements during
silicide formation may inﬂuence the nucleation
process [16,17]. From the AES and EDS analysis
shown in Fig. 7, we ﬁnd that the Ge concentrations
in Fe(Si1zGez) are increased when the annealed
temperature is increased. This suggests that the Ge
atoms are more soluble in the FeSi phase, resulting
in an increase in the solubility of Ge. When the
annealed temperature is increased to 750 1C, the
Ge concentrations decrease substantially. This
may be due to the fact that the Ge atoms are
gradually expelled from the Fe(Si1zGez) to react
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erated Ge-rich Si1yGey. This could be attributed
to the tendency of metal atoms to react with Si
[18,19]. In addition, the Ge atoms expelled out of
the Fe(Si1zGez) at elevating temperatures may
block the transformation of b-Fe(Si1zGez)2 from
Fe(Si1zGez). This phenomenon explains why the
Fe(Si1zGez) phase is the only phase that exists at
annealed temperatures ranging from 650 to 950 1C.4. Conclusion
Our experimental evidence indicates that, during
the solid reaction of Fe and Si0.8Ge0.2, the
resultant Fe(Si1zGez) phase can been found at
temperatures ranging from 650 to 950 1C, but the
expected b-Fe2xGex, FeGe, and FeGe2 phases are
not found. The Ge concentrations in Fe(Si1zGez)
increase at temperatures ranging from 650 to
750 1C. This indicates that the Ge atoms are more
soluble in the FeSi phase. However, the Ge
concentrations decrease rapidly after annealing at
a temperature of 750 1C. This phenomenon sug-
gests that the Ge atoms are gradually expelled out
of the Fe(Si1zGez) in order to react with the
Si0.8Ge0.2 substrate, forming the agglomerated,
Ge-rich Si1yGey. The overall results show that the
formation of Fe disilicide is blocked by the
presence of Ge atoms in the Fe(Si1zGez).Acknowledgments
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